The purpose of this study was to examine if fermentation of purple sweet potato (Ipomoea batatas L.) powder (PSP) by Lactobacillus brevis under green, red, blue, white light-emitting diode (LED) illumination or sunlight might yield functionalized products with good antibacterial, antioxidant activity, and/or cytotoxic activity. The Purple sweet potato (PSP) powder fermented with probiotic bacteria L. brevis under white LED light (1.9 ± 1.80/1.6 ± 0.52), blue LED light (1.4 ± 1.32/1.8 ± 0.83), or sunlight (1.2 ± 1.26/1.5 ± 1.83) for Propionibacterium acne and Staphylococcus epidermidis displayed good to moderate antibacterial activity based on minimum inhibitory concentration (MIC) red, blue, white LED lights and sunlight (80 µg/mL) for P. acne and S. epidermidis, minimum bactericidal concentration red, blue LED lights and sunlight shows (46/48, 61/70, 50/48 µg/mL) for P. acne and S. epidermidis. Antioxidant activity for dark, white, blue and green LED lights for ABTS and white, blue and green Led for DPPH assay resulted in lower activity. Fourier transform infrared spectroscopy was performed to determine the functional groups in the non-fermented (control) and fermented products of PSP powders obtained using different light sources. Sunlight, white, and blue LED light-fermented extracts contained alcohol, acid, and phenol groups, as well as aliphatic amines. The results of this study clearly indicate that fermentation of purple sweet potato with probiotic bacteria under various LED light sources can yield compounds that can be used in cosmetic and value-added food products.
Introduction
Plant-based bioactive compounds are used in several biomedical applications, but there is currently great interest in exploring the potential biomedical applications of fermented and fabricated bio-derived materials (Ige et al. 2012; Halib et al. 2017) . To achieve hybrid and effective bioactive compounds from fermented products, fermentation needs to be initiated. This can be done using various types of microorganisms, especially probiotic bacteria . However, the production of bioactive compounds by microbial fermentation is limited in the absence of light. Light of different wavelengths can stimulate the activity of microbes and yield new active compounds (Hussain et al. 2012; Conlon and Bird 2014) . We designed this study to examine the effects of various color LED lights, sunlight, and darkness on the yield of bioactive compounds during fermentation of purple sweet potato by the probiotic bacterium Lactobacillus brevis.
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Sweet potato (Ipomoea batatas L.) is an edible root that belongs to the family Convolvulaceae. It originated in Latin America (Esatbeyoglu et al. 2017) and was introduced to Asia during the sixteenth century. Sweet potato is recognized by the Food and Agriculture Organization (FAO) as one of the most global important food crops. There are different varieties of sweet potato that differ in skin color, e.g., white, yellow, orange, pink, purple, and deep purple (Teow et al. 2007; Trung et al. 2017) . The deep color of purple sweet potatoes (PSPs) is due to the presence of highly acylated anthocyanins, with cyanidin or peonidin as the aglycone (Zhang et al. 2015; Surendra Babu et al. 2015; Esatbeyoglu et al. 2017) . The presence of anthocyanins in PSPs are natural pigments that are beneficial to health (Nagamine et al. 2014; Velmurugan et al. 2017 ). Several previous reports have shown that PSP constituents have antioxidant, anti-inflammatory, anticarcinogenic, chemopreventive, and antihyperglycemic activities (Konczak-Islam et al. 2003; Hu et al. 2004; Esatbeyoglu et al. 2017) .
Lactic acid bacteria (LAB) have traditionally been used to ferment plant-based foods and for preservation. During fermentation, probiotic bacteria produce various bioactive compounds, thereby enhancing nutritional quality and providing health benefits beyond basic nutrition (Limon et al. 2015; Oh et al. 2017) . When Bacillus amyloliquefaciens and L. brevis ferment fruit, they utilize glucose as a hydrophilic carbon source and fatty acids as a hydrophobic carbon source to produce compounds that have anticancer, antimicrobial, dermatological, immunoregulatory, spermicidal, and antiviral activities .
Previously, Hai et al. (2000) and Yan et al. (2013) reported that LEDs have the potential to be used in bioreactors to cultivate algae and Spirulina platensis. LEDs are electroluminescent, and the color of the light generated is determined by the band gap of the semiconductor. LEDs can emit high-intensity light using low energy. The main objective of this study was to investigate the bioactive compounds produced by fermentation of PSP powder with L. brevis using different light sources (sunlight, LED lights, and darkness). We used blue (460 < λ < 490), red (620 < λ < 645), green (520 < λ < 550), and white (380 < λ < 780) LED lights. In addition, the functional groups of the obtained bioactive extracts were determined by FTIR analysis, and their antibacterial, antioxidant, and cytotoxic effects were evaluated.
Materials and methods

Raw material
To prepare raw material for fermentation, commercially available dried purple sweet potato (PSP) fine powder (5 kg) was obtained from an online market based in South Korea.
Probiotic bacteria for PSP fermentation
According to the protocol described in Oh et al. (2017) , probiotic bacteria were obtained from the traditional south Korean dish of fermented starfish. The probiotic characteristics of the isolated strains were examined as described in Plessas et al. (2017) . We isolated a total of 60 bacterial strains from 1 g of fermented starfish by grinding the sample using a ceramic mortar and pestle along with saline, followed by serial dilution and plating on MRS (de Man, Rogosa, and Sharpe) agar medium and incubation at 37 °C. After incubation, plates were screened to examine colony morphology. Colonies with a unique morphology were isolated, streaked on fresh MRS medium to obtain pure cultures, and then identified based on 16S rRNA gene sequencing (Cosmo Genetech Laboratory, South Korea). Sequences were compared with those in the National Center for Biotechnology Information (NCBI) database using the BlastN search program, and the closest matching species were identified. Pure cultures were stored at − 80 °C in MRS supplemented with 20% (v/v) glycerol for subsequent experimentation. To ensure the purity of the culture, each strain was subcultured twice before each experiment. All obtained pure cultures were used for PSP fermentation under different light sources and in the dark. Samples were withdrawn every 12 h for up to 96 h to evaluate changes in bacterial populations, and the potency of the various probiotic cultures was determined based on the maximum number of live colonies obtained at every sampling stage. The most potent strain was used for subsequent experiments.
LED light chamber setup for fermentation
Commercially available LED light illumination strips of different colors and plastic bowls were purchased online. LED strips were pasted inside the wall of the plastic bowl ( Fig. 1 ) and connected to a 12 V power supply. Green, red, blue, and white LED lights were assembled in separate plastic bowls. Erlenmeyer flasks containing probiotic bacteria and PSP powder were placed on a rotary shaker (120 rpm), covered with an LED-containing bowl, and maintained at the appropriate temperature. The entire LED setup was assembled by researchers in our laboratory.
Preparation for liquid state fermentation (LSF)
About 10 g of PSP was suspended in sterile distilled water (1:6 w/v) in a 250 mL-Erlenmeyer flask and autoclaved to eliminate indigenous microbiota present on sweet potato. The most potent probiotic bacterial species identified, namely L. brevis , was inoculated into separate flasks (10 8 CFU/mL) and incubated at 37 °C with continuous agitation at 80 rpm using different LED lights, sunlight, and in the dark. Biochemical analysis of samples was performed every 12 h during fermentation. To prepare extract powders, samples were centrifuged at 1610g for 15 min at 6 °C, and supernatants were freeze-dried using a lyophilizer (FD5518, Ilshin Lab Co. Ltd., Korea) followed by storage at − 20 °C for further analysis. The antibacterial, antioxidant, and cytotoxic activities of the lyophilized powder samples were assessed.
Fourier transform infrared (FT-IR) analysis
FT-IR spectra of unfermented purple sweet potato powder (control) and fermented PSP powders obtained after incubation under various light conditions by L. brevis were recorded using a Perkin-Elmer FTIR spectrophotometer (Perkin-Elmer, Norwalk, CT) in diffuse reflectance mode at a resolution of 4 cm −1 in KBr pellets.
Antibacterial activity
Zone of inhibition (ZoI), minimum inhibitory concentration (MIC), and minimum bactericidal concentration (MBC) of unfermented PSP powder (control) and fermented PSP powders were tested against Propionibacterium acne (KACC-11946) and Staphylococcus epidermidis (KACC-13234) (KACC, Korean Agricultural Culture Collection), which cause skin infections. Pathogen cultures (P. acnes was grown under anaerobic conditions and S. epidermidis under aerobic conditions) were enriched in BHI broth (MB Cell, Seoul, South Korea). ZoI was determined by spreading cultures grown in BHI broth on Muller-Hinton agar (MH) (MB Cell, Seoul, South Korea) plates seeded with a 0.5 McFarland scale bacterial suspension. Agar plates were punctured to create 4-mm-diameter depth wells, which were then filled with different concentrations (25, 50, 100, and 200 mg/0.5 mL) of fermented PSP powders or unfermented PSP powder (control), followed by incubation at 37 °C. After incubation, clear zone formation, indicating inhibition of bacterial strains, was investigated. Mean zone diameters were expressed in millimeters. MICs of the extracts were determined by preparing different concentrations (160, 80, 40, 20 , and 10 mg/mL) of each fermented extract and control extract. These were then inoculated with ca. 100 µL of 10 8 CFU/mL mid-log cultures of P. acnes and S. epidermidis in 96-well microtiter plates with appropriate blanks, followed by incubation. After incubation, the turbidity of the growth medium was measured at 600 nm with a POLAR star Optima microplate reader (BMG LABTECH GmbH, Germany). To assess the MBCs of the control and fermented samples, the MIC and higher concentrations were plated in Fig. 1 Schematic illustration of purple sweet potato, purple sweet potato powder, LED light setup, fermentation, and biomedical applications MH agar, followed by a 24-h incubation. The negative control was sterile MH broth, and MBC was calculated according to AATCC 100 as shown in Eq. (1): where A is the total number of bacteria, B is the number of bacteria according to A,and R (%) is the percent reduction. Each experiment was performed in triplicate, and values are presented as mean ± SEM.
Antioxidant activity
The antioxidant potentials of the unfermented PSP powder (control) and fermented PSP powders were evaluated by assessing 1,1-diphenyl-2-picrylhydrazyl (DPPH) radical scavenging and 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid) (ABTS) radical scavenging according to Hu et al. (2004) , Virtanen et al. (2007) and Oh et al. (2017) .
DPPH radical scavenging activity
DPPH free-radical scavenging activity of unfermented PSP powder (control) and fermented PSP powders was assessed by suspending 10 mg/mL of each fermented and control sample in dimethyl sulfoxide (DMSO) to create stock solutions. The synthetic standard of antioxidant ascorbic acid (10 mg/mL) was prepared in methanol. Dilutions were prepared from the stocks to attain concentrations ranging from 3.12 to 1600 µg/mL. Diluted solutions (100 µL) were mixed with 100 µL of freshly prepared 0.20 mol/L DPPH-methanol solution, vortexed, and kept in the dark at room temperature for 30 min for DPPH radical scavenging to occur. The absorbance of the solutions was then measured using a UV-Vis spectrophotometer at 517 nm. Percentage inhibition of free-radical DPPH was calculated as follows:
where A blank is the absorbance of the control reaction (containing all reagents except the test compound), and A sample is the absorbance of the test compound.
ABTS radical cation (ABTS
·+ ) scavenging activity
ABTS
·+ scavenging activity of unfermented PSP powder (control) and fermented PSP powder was measured by addition of 100 µL of ABTS ·+ solution to 100 µL of fermented samples, control samples, and both standards (3.12-400 µg/ mL). The resultant decrease in absorbance at 734 nm was monitored. The ability to scavenge ABTS ·+ was calculated using Eq. (2).
(1)
Cell viability assay
Cytotoxicity of the unfermented PSP powder (control) and fermented PSP powders was determined using the resazurin assay as described by Coates et al. (2007) and Brown et al. (2012) . Briefly, clean coverslips were placed on the bottom of 24-well tissue culture plates. Then, 1 × 10 4 cells (primary human dermal fibroblasts (HDFs)) were seeded per well in Dulbecco's modified eagle medium (DMEM) supplemented with fetal bovine serum, and an appropriate amount of antibiotic was added, followed by incubation in a 95% air/5% CO 2 atmosphere at 37 °C for 24 h. After incubation, DMEM was removed, cells were washed with fresh PBS saline, and different concentrations (16, 32, and 80 µg/mL) of each fermented sample or control sample were added, followed by 24 and 72 h incubations. After the incubation period, 600 µL of resazurin solution was added to each well for 2 h. Then, 200 µL of each reduced solution was transferred to a 96-well plate to measure fluorescence intensity using a plate reader (λ ex = 544 nm and λ em = 590 nm). Viable cells (%) were calculated according to the following equation:
Statistical analysis
All data are expressed as mean ± standard error of the mean (SEM). All experiments were performed in biological triplicates (on three separate days) with three technical replicates per biological replicate. Tang et al. (2015) and Sugata et al. (2015) compared different colored sweet potatoes (white, yellow, orange, light purple, and deep purple) and reported that purple sweet potato species had a higher anthocyanin content and antioxidant capacity than the other color types. The anthocyanin content of purple sweet potato is due to the presence of several non-, mono-, and diacyated glucosides of yaidin and peonidin (Montilla et al. 2010) . Purple sweet potatoes are outstanding sources of anthocyanin, β-carotene, and other color-related phytonutrients (Ruttarattanamongkol et al. 2016 ) reported that, under acidic conditions, purple sweet potato yields more starch than under neutral or basic conditions; therefore, we conducted our study using an acidic pH to increase the availability of starch as a carbon source for the probiotic bacteria. Purple-fleshed sweet potatoes are an excellent source of nutrients and natural health-promoting compounds, such as carotenoids, anthocyanin, polyphenols, ascorbic acid, and dietary fiber (Ruttarattanamongkol et al. 2016 ). These phytochemical compounds, especially polyphenols, have high free-radical scavenging activity, intermediate antioxidant activity, and are antimutagenic (Teow et al. 2007; Ruttarattanamongkol et al. 2016) . Pourramezan et al. (2018) fermented probiotics that showed maximum antibacterial and antioxidant activity in mid-exponential phase and stationary growth phase. In this study, the probiotic characteristics of L. brevis were confirmed according to Plessas et al. (2017) . There are two stages of fermentation: photobiological fermentation when the sugar present in the fruit is released and utilization of sugar during fermentation, resulting in complete conversion of sugars and other phytocompounds into bioactive compounds under different light sources.
Results and discussion
FT-IR
Samples of unfermented PSP powder (control) and fermented PSP powders were subjected to FT-IR analysis to determine functional groups (Fig. 2) (line from top to bottom). Spectra (400-4000 cm −1 ) were interpreted using the guidelines of Namiesnik et al. (2014) and Oh et al. (2017) . Results were compared among samples grown under different light conditions and the control extract. Compared to the control extract, new peaks at 3200-3000, 1400-1800, and 400-1100 cm −1 were present in samples obtained after L. brevis-mediated fermentation under sunlight, white LED light, red LED light, and green LED light, respectively. The peak around 3420 cm −1 seen in all samples was assigned to hydroxyl group stretching vibrations, and the broad band was attributed to complex vibration stretches of intermolecular hydroxyl groups. Peaks at around 2930 and 1640 cm −1 were associated with CH2 stretching vibrations and deformation vibrations of the hydroxyl groups in water, respectively. Weak bands at 1370 and 1420 cm −1 were attributed to the twisting and bending of CH 2 (Zheng et al. 2016 ). The prominent broad peak at 3200-3000 cm −1 was attributed to the phenolic OH group and CO stretching band, while that at 2800-2900 cm −1 was attributed to strong stretching vibrations of -OH functional groups and the C-OH stretching/bending of primary or aromatic alcohols. The peaks at 1400-1700 cm −1 may have been caused by the stretching vibrations of alkene groups (-C=C-), carboxylic acid, C=O stretching phenyl ring amino acid-1, or -OH phenolic bending and carbonyl groups. We attributed the absorbance at 1424 cm −1 to ether linkages or -C-O-groups. The common band at 1020-1050 cm −1 was due to aromatic bending and stretching. The peaks in each extract sample in the range of 3300-3000 cm −1 suggested the presence of pectin, gallic acid, hesperidin, and tannic acid (Fig. 2) . The peaks at 2925 and 2847 cm −1 could represent aromatic carboxylic acids and hydroxyl groups. Weak stretching at 2340 cm −1 was attributed to the presence of an alkyne group, while the weak signal at 1460 cm −1 was attributed to nitro groups. The presence of aromatic primary amine groups, which result from fermentation by probiotic microorganisms, implied the presence of bacterial proteins in the fermented extract, which could have contributed to the antibacterial nature of the fermented samples (Vaithilingam et al. 2016 ). Dark and blue LED light did not produce fermented extracts with any interesting peaks compared to the control sample (Fig. 2) .
Antimicrobial activity
Fermented PSP powders and unfermented powder (control) inhibited the growth of the skin bacteria P. acne and S. epidermidis (Table 1) . L. brevis fermentation of PSP powder under white LED light, sunlight, and blue and green LED light produced fermented extracts that had excellent activity against P. acne, with ZoI values of 1.9 ± 1.80, 1.5 ± 1.68, 1.3 ± 1.43, and 0.7 ± 1.93 mm, respectively. ZoI values for these extracts against S. epidermidis were 1.9 ± 0.52, 1.8 ± 1.83, 1.9 ± 0.83, and 1.1 ± 1.36 mm, respectively, at a concentration of 200 mg/0.5 mL (Table 1) . B. amyloliquefaciens-fermented extracts also showed moderate activity against both species of skin bacteria (Table 1) . Notably, white LED light and sunlight exposure during fermentation resulted in production of antibacterial compounds that can be used in cosmetics. High concentrations of the control extract had smaller ZoIs for P. acne and S. epidermidis than those obtained under light fermentation, demonstrating that probiotic organisms can convert phytocompounds into biologically important peptides, exopolysaccharides, secondary metabolites, and other organic compounds (Todorov 2008) . MIC and MBC values are displayed in Fig. 3a, b and corroborate those found in well diffusion screening; there were no significant differences in MIC or MBC for the two types of skin bacteria. Significantly lower MIC Fig. 2 FTIR spectra of non-fermented powder of purple sweet potato and purple sweet potato powder fermented with L. brevis under various light sources concentrations were obtained for extracts fermented under white LED light, sunlight, and green LED light than the control sample. Figure 3a shows that white LED light, sunlight, and green LED light-fermented extracts at concentrations of 80 and 160 mg/mL had lower MIC values and lower MBC (Fig. 3b) percentages for P. acne and S. epidermidis than did the control extract.
DPPH and ABTS radical (ABTS
·+
) scavenging activity DPPH and ABTS radical scavenging abilities of the fermented PSP powders and unfermented PSP powder (control) are shown in Fig. 4a, b . DPPH free-radical scavenging activity of extract obtained from L. brevis fermentation under white LED light, red LED light, sunlight, and blue LED light increased in a dose-dependent manner (Fig. 4a) . Furthermore, white LED light, blue LED light, sunlight, and red LED light-fermented extracts had highest scavenging activity at 1600 µg/mL with IC 50 values of 106.91 ± 4.46, 121.65 ± 2.32, 154.62 ± 2.27/mL, and 212.39 ± 2.18 µg/mL, respectively. In the concentration range of 3.125-100 µg/ mL, control PSP extract fermented under different light sources had lower scavenging activity than the reference ascorbic acid standard (Fig. 4a) . Our results corroborate earlier reports that PSPs have a high total polyphenol content and antioxidant activity (Teow et al. 2007; Lee et al. 2016) .
ABTS ·+ scavenging activity of all extracts obtained from probiotic fermentation with L. brevis under different light sources increased in a dose-dependent manner over the concentration range of 3.125-400 µg/mL (Fig. 4b) . Sunlight, white LED light, blue LED light, red LED light, green LED light, and dark-fermented extracts displayed strong scavenging activity at the maximum concentration (400 µg/ mL). The IC 50 values for L. brevis-fermented extracts were as follows: sunlight, 63.21 ± 0.06 µg/mL; white LED light, 178.24 ± 0.16 µg/mL; blue LED light, 1114.06 ± 0.02 µg/ mL; red LED light, 108.64 ± 0.23 µg/mL; green LED light, 99.92 ± 0.11 µg/mL; and dark, 68.92 ± 0.05 µg/mL. Ascorbic acid was used as the positive control and had the highest scavenging activity [(52.84 ± 0.06)% at 400 µg/mL with an IC 50 value of 12.26 ± 1.41 µg/mL]. Control PSP extract (IC 50 of 234.72 ± 1.15 µg/mL) showed a gradual concentrationdependent decrease in activity (Fig. 4b) . The main constituents of purple sweet potatoes are anthocyanins [cyanidin-3-0-glucoside (Cy3G) and peonidin-3,5-0-diglucoside], which have antioxidant properties and are responsible for the purple color of the tuber. Cy3G has DNA-RSC, gastroprotective, anti-inflammatory, anti-thrombotic, antibacterial, and chemopreventive activity and can regulate epigenetics and be used to treat age-related diseases, type 2 diabetes, cardiovascular disease, metabolic syndrome, and oral cancer (Lim et al. 2013) . 0.8 ± 1.34 0.6 ± 1.62 1.5 ± 1.23 1.4 ± 1.32 1.9 ± 1.80 1.2 ± 1.26 0.3 ± 1.46 1.1 ± 1.36 0.5 ± 1.12 1.8 ± 0.83 1.6 ± 0.52 1.5 ± 1.83 0.5 ± 1.37 Figure 5a , b show the effects of different concentrations of all extracts on human dermal fibroblasts (HDFs) cultured for 24 and 72 h. A low degree of confluency (10%) of HDFs cells was noticed. All obtained samples had significantly lower cytotoxicity than the control and reduced cell viability by 8% (red LED light extract), 7% (blue LED light extract), and 6% (dark extract) at 80 µg/mL at 24 h (Fig. 5a ) and 72 h (Fig. 5b) . White LED light, blue LED light, and sunlight-fermented PSP extract samples had milder cytotoxicity than the control extract (Fig. 5a) . A longer exposure time (up to 72 h) resulted in a significant reduction in cell viability (10% or more of the control) for extracts fermented under all light sources (Fig. 5b) . Together, these results suggest that the extracts had negligible cytotoxicity for exposure times up to 72 h. However, when the concentration of extract was increased to 80 µg/mL, a significant reduction in cell viability was observed for more confluent HDFs. Ability of purple sweet potato powder fermented with probiotic organisms under various light conditions compared to the control extract or ascorbic acid to scavenge a DPPH radicals (3.125-1600 µg/ mL) and b ABTS (3.125-400 µg/mL). All data are expressed as mean ± SEM, n = 2. IC 50 concentrations were calculated using nonlinear regression in Graphpad Prism version 5.1.0
Cytotoxic activity
MTT assay
Conclusions
In this study, we investigated the antibacterial, antioxidant, and cytotoxic activities of PSP powders fermented by L. brevis under different color LED lights, sunlight, and darkness and investigated functional groups of the fermented powders using FT-IR spectra. PSP powder fermented under blue or white LED light or sunlight had significant antibacterial, antioxidant, and cytotoxic activity. Together, our findings indicate that PSP powder can be fermented by probiotic bacteria using different light sources to obtain natural antibacterial and antioxidant agents that have applications in the medical, health, and cosmetic industries. In-depth studies are needed to determine the mechanisms by which light induces the production of various compounds during fermentation. 
